ZnO nanostructures doped with different atom % of Nb are fabricated through ultrasound assisted hydrolysis in water. Effects of Nd incorporation on the structure, morphology, defect structure, optical, and magnetic behaviors of the nanostructures have been studied utilizing X-ray diffraction, scanning electron microscopy, photoluminescence spectroscopy and magnetometry. We demonstrate that while Nb incorporation in ZnO nanostructures drastically modify their morphology and crystallinity, it does not affect the band gap energy of ZnO significantly. While Nb incorporation in small concentration creates higher oxygen vacancy related defects in ZnO nanostructures, which are responsible for their visible emissions, incorporation of Nb in higher concentration reduces those defect structures from the band gap of the nanostructures. While oxygen vacancies have been frequently associated to the ferromagnetic behavior of ZnO nanostructures, our results indicate that a mere presence of oxygen vacancy in Nb-doped ZnO nanostructure does not guaranty their ferromagnetic behavior.
Introduction
Zinc oxide (ZnO) is a direct band gap (3.37 eV at room temperature), non-toxic, n-type semiconductor of hexagonal wurtzite structure 1 , considered as one of the most promising materials for optoelectronic applications. Wide band gap and large exciton binding energy (60 meV) make it an excellent candidate for several applications such as gas sensor, photodiode, and catalyst 2, 4 , especially in nanostructure forms. While ZnO nanostructures of different morphologies have been fabricated using a variety of physical and chemical techniques such as radio frequency (RF) sputtering, spray pyrolysis, pulsed laser deposition (PLD), hydrothermal, solgel, sonochemical, etc. 5, 7 , both the morphology and intentionally incorporated impurities are seen to affect their structural, optical, and optoelectronic properties 8, 10 drastically. Substituting Zn ions from their lattice sites by the ions of group III elements such as Al, Ga, and In, n-type ZnO nanostructures of excellent optical quality and low resistivity have been fabricated 11, 13 . On the other hand, incorporation of group I elements of smaller ionic radii such as Li, Na and K, which occupy the interstitial sites of ZnO lattice has seen to improve the luminescent emissions in ZnO nanostructures 14 .
Recently, Nb has attracted much attention as a dopant for transparent conducting oxides (TCOs) due to superior electrical and optical properties of Nd-doped TCO thin films1 5, 16 .It is well demonstrated that by incorporation of Nb in ZnO nanoparticles 17 it is possible to achieve similar carrier (electron) concentrations as of other common group III dopants with a lower cation substitution, which results in a lower structural disorder and lower lattice deformation. On the other hand, Nb doping in ZnO is quite attractive as there is a valency difference of three between Nb 5+ and Zn 2+ ions, thereby each incorporated Nb atom can contribute more than one electron to the electrical conductivity of ZnO host 17 . Therefore, it is worthwhile fabricating ZnO nanostructures with different Nb contents to study the effect of Nb on their optical, structural, and magnetic properties, to explore their practical applications.
In this article, we report on the fabrication of well-crystalline undoped and Nb-doped ZnO nanostructures by sonochemical technique and their structural, morphological, optical, and magnetic properties. ZnO nanoparticles containing nominal 0.0, 1.0, 2.0, and 5.0 mol % Nb were prepared by ultrasound assisted hydrolysis of zinc acetate, keeping all other parameters like pH of the action mixture, concentration of zinc precursor, sonication time, and temperature of reaction fixed. The effects of Nb incorporation on the structural, morphological, magnetic and optical properties of the fabricated ZnO nanostructures have been investigated. 4 OH, EMD, 29%], were used for preparing the precursor solutions. For preparing the nanostructures, first the aqueous solutions of niobium chloride were prepared by dissolving particular amounts (0.0, 1.0, 2.0, or 5.0 mol % niobium precursor) in 200 ml of DI water at room temperature. Keeping the previous solution under vigorous magnetic stirring, 3.0 g of zinc acetate dihydrate was added. After about 20 min of agitation, 0.5 g of EDTA was added to the reaction All the samples were analyzed by X-ray diffraction (XRD) (Bruker AXS D8 Discover diffractometer, with monochromatic CuKα radiation (λ=1.5406Å), field emission high resolution scanning electron microscopy (FE-HRSEM) (Zeiss, Auriga 3916), diffuse reflectance spectroscopy (DRS) in UV-Vis spectral range, magnetometry (PPMS, Dynacool-9, Quantum Design) and photoluminescence (PL) spectroscopy. No peak correspond to other phase of ZnO or niobium oxide was revealed in the XRD patterns, suggesting the formation of ZnO in pure wurtzite phase. While the high crystallinity of the undoped ZnO nanostructuresis manifested by the presence intense and narrow diffraction peaks, the diffraction peaks became broader and their intensity decreased gradually with the increase of Nb content (Table 1) . Moreover, the position of the diffraction peaks shifted towards higher angles on incorporating Nb in ZnO. The average grain size (t) in the ZnO nanostructures was estimated using the Debye Scherrer equation 18 considering both the (002) & (101) diffraction peaks:
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... (1), where K is the shape factor, considered to be 0.9, λ is the wavelength of used X-ray (λ=1.5406Å), B is the full width at half maximum (FWHM) of the diffraction peak, and θ is the Bragg angle. Estimated average grain size values for the ZnO nanostructures containing 0.0, 1.0, 2.0 and 5.0 mol % of Nb were about 41, 38, 32 and 40 nm, respectively ( Table  1 ). The decrease of peak intensity without a considerable change in average grain size in the nanostructures indicates the formation of structural defects on Nb incorporation. 21 . It should also be noted that although a high oxygen content in all the samples was detected in their EDS analysis (Table 2) , no diffraction peak associated either to ZnO 2 or Nb 2 O 5 could be detected in the XRD spectra of the nanostructures. The fact indicates the higher oxygen content in the samples is due to physisorption at nanostructure surface. 2 mol % and then increased to 40 nm for the sample with 5 mol % of Nb. As can be seen, with the increase of Nb %, the FWHM of the main diffraction peaks increase and then decrease, reaching to maximum value of about 0.265 for 2% Nb. On the other hand, incorporation Nb in ZnO lattice is seen to affect its lattice constants. As can be seen from Fig. 2b , in general, incorporation of Nb 5+ ions (of smaller ionic radius in comparison to Zn 2+ ions) reduces both the lattice constants "a" and "c" of hexagonal ZnO lattice. While the incorporation of a smaller amount of Nb 5+ ions causes a sharp reduction of both the lattice constants, incorporation of Nb 5+ ions in higher concentrations does not alter much the values of lattice constants further, probably due to a limited substitution capacity of Nb 5+ ions due to charge imbalance at cationic lattice sites. Fig. 3 presents typical SEM images of the Nbdoped ZnO nanostructures containing different nominal concentrations of Nb. As can be seen, the morphology of the nanostructures changes drastically with the increase of Nb content in the samples. While the formation of hexagonal nanodisks with an average diameter of about 490 nm and thickness of about 90 nm can be clearly observed (Fig. 3a) for the undoped sample, spherical nanoparticles of smaller dimensions (40-100 nm) along with a few bigger hexagonal disks were formed in the Nb-doped samples (Figs. 3b-3d) . The results indicate that incorporation of Nb 5+ ions in ZnO lattice inhibits its normal epitaxial growth along polar surfaces, probably due to the disturbance of normal surface charge balance among the polar planes of ZnO.
From the EDS results presented in
The UV-Vis diffuse reflectance spectra of the ZnO samples prepared with different Nb contents are presented in figure 4 . The spectra of all the samples revealed sharp absorption edge in between 375 to 425 nm, characteristic of crystalline ZnO. While, in general, the reflectance of the ZnO nanostructures beyond 425 nm increased with Nb doping, the absorption edge of the nanostructures shift gradually towards lower wavelengths until 2 mol % (nominal) of Nb and then return to higher wavelengths for 5 mol % Nb. The band gap energy (Eg) of the ZnO nanostructures was estimated through KubelkaMunk (K-M) treatment 22 on their DRS spectra (Fig.  4b) (Table 2) . While the band gap energy of all the Nb-doped ZnO nanostructures are higher than the undoped ones, a small decrease observed for 5 mol % Nb-doped sample, probably due to the presence of Nb 5+ ions in excess, causing the formation of Nb clusters, affecting the band gap energy, as substitutional metal ion dopants can introduce electronic states at the bottom of the conduction band, effectively narrowing the band gap of a semiconductor. Such a lower energy shift of band gap in ZnO nanostructures has been observed by several authors due to metal ion doping 17, 23, 24 . Although the particle size of a semiconductor nanocrystal can affect its band gap energy 25 due to quantum confinement effect, none of the fabricated samples contain nanostructures smaller than the exciton Bohr diameter of ZnO (5.74 nm) to consider size effect in the fabricated nanostructures.
To evaluate the optoelectronic properties of the undoped and Nb-doped ZnO nanostructures, their room temperature PL spectra were recorded. The PL spectra (Fig. 5) of the samples were normalized to their excitonic (UV) emissions for monitoring the intensity variation of visible emission, which is the signature of defect structures in ZnO. PL spectra of all the samples revealed two emission bands. While the ultraviolet (UV) emission around 380 nm generally assigned as the near band edge emission attributed to free excitonic transitions, the broad intense emission in the visible region (centered around 580 nm) has been associated to the structural defect and impurities of different natures. Commonly this broad visible emission contains several component emissions such as blue (2.60 eV), green (2.40 eV), yellow (2.20 eV), orange (1.95 eV), and red (1.75 eV); each associated to particular defect or defect complex in the electronic band gap of ZnO. Several authors have investigated the luminescence properties of ZnO, frequently associating the green component to oxygen vacancies (V o ) and zinc vacancies (VZ n ) 26, 27 . The origin of the red emission has been associated to the deep level defects associated to oxygen vacancies (V o ) and oxygen interstitials (O i ), usually observed in the oxygen rich systems 28 . For the origin of the blue emission, a number of hypotheses have been proposed, such as electron transition from V o to the valence band 29 or zinc interstitials (Zn i ) to VZn 30 . On the other hand, the origin of orange emission has been ascribed to O i 31, 32 , and the origin of yellow emission has been ascribed to extrinsic impurity or defects 33, 34 .
From the normalized PL spectra presented in figure  5 , we can see that the relative intensity of the visible emission changes with Nb content in the samples. The I Vis /I UV ratio (inset of Fig. 5 ) increases drastically for the sample containing 1% Nb, compared to the other samples. The ratio decreases with the further increase of Nb content in the samples and become smaller than the undoped sample for the sample containing 5% Nb. Such a variation of I Vis /I UV ratio in the nanostructures indicates that, the native defects, especially oxygen vacancies in the nanostructures increase drastically due to the incorporation of Nb ions in ZnO lattice in smaller concentration. However, a higher amount of Nb incorporation apparently reduces V o concentration in the ZnO lattice. The concentration of V o related defects in ZnO lattice can be reduced even lower to the concentration in pristine or undoped ZnO for a nominal Nb concentration of 5 mol %. While the variation of I Vis /I UV ratio with Nb concentration in the samples clearly indicates that Nb incorporation in ZnO lattice drastically affects its defect structures, the mechanisms involved appears to be complex, especially in nanostructures. In fact, Kim et al. have studied the photoluminescence of Nb-implanted ZnO films, and observed a similar reduction of native defect concentration, which they attributed to Nb implantation and subsequent thermal annealing 35 . As can be noticed from Table 2 , the EDS analysis of the samples indicates the presence of excess oxygen in all the nanostructures. In fact, the atom % of oxygen increases with the increase of Nb content in the samples. On the other hand, the atom % of Zn also decreases, discarding the possibility of Zn i formation due to Nb doping. Therefore, while an increase in oxygen content in the samples (EDS results) clearly indicates physisorption of oxygen at the surface of the nanostructures, which is proportional to their specific surface area, the reduction of visible emission intensity with increasing Nb content indicates a reduction of defect structures, which is dominated by oxygen vacancies in the ZnO nanostructures.
To evaluate the effect of Nb doping on the magnetic response of the ZnO nanostructures, the mass magnetization of undoped and Nb-doped ZnO nanostructures were measured by applying magnetic fields in between -18.0 and +18.0 kOe at room temperature (Fig. 6) . The magnetization versus applied magnetic field (M-H) curves of all the nanostructures revealed linear variation of magnetization opposite to the applied magnetic field with small gradients, and very small susceptibility (~ -10e -5 ), typical for diamagnetic materials 36 and of bulk ZnO 37 . Frequently, a ferromagnetic behavior has been observed in thin films and nanostructures of metal oxides such as TiO 2 , HfO 2 , In 2 O 3 , CeO 2 and ZnO, which has been associated to oxygen vacancies in them [38] [39] [40] [41] [42] . As a proof, Hong et al. 40 have demonstrated a drastic reduction of magnetic moment of their ferromagnetic Cr-doped ZnO film by annealing them in oxygen atmosphere. In fact, oxygen annealing of the films caused a total loss of ferromagnetic ordering turning them to diamagnetic. On the other hand, by thermal annealing in reducing atmosphere for few hours, the diamagnetic moment of TiO 2 and HfO 2 films could be increased 43 . The room temperature ferromagnetic behavior of these low-dimensional metal oxide structures has been assumed to be due to the exchange interaction between localized spin moments of the surface residing oxygen vacancies 44 .
As can be seen in Figure 5 , apparently all the nanostructures fabricated in the present study exhibit diamagnetic behavior. EDS elemental analysis content enhances the specific surface area of the samples, thereby increasing the concentration of adsorbed oxygen at their surface.
The inset of Figure 6 shows a zoom-in image of M-H curve at low-field region. As can been seen from the inset, the magnetization curve of the undoped ZnO sample has a small hysteresis and hence a coercivity in the low magnetic field region, similar to a ferromagnetic material. Formation of such hysteresis, even with a small coercive filed in the nanostructures clearly indicates the presence of oxygen vacancies in them, although in smaller concentration. On incorporation of Nb in the nanostructures in smaller concentrations (e.g. 1 mol % nominal) opens up the hysteresis a bit, indicating an enhancement of oxygen vacancy concentration in the nanostructures, as has been observed in their PL spectra. However, incorporation of Nb in higher concentration reduces the concentration of oxygen vacancies making the nanostructures more diamagnetic. In fact, the magnetic behavior of the Nb incorporated nanostructures are in good agreement with their PL spectra presented in Fig. 5 .
While the transition metal-doped metal oxides, which behave as dilute magnetic semiconductor (DMS) have been studied extensively due to their potential applications in spintronics, their magnetic behaviors remained unclear due to the contradictory results published in the literature 45, 46 . It seems the method of fabrication plays a substantial role on the magnetic behavior of DMS, especially in their nanostructure forms 41, 45, [47] [48] [49] . As has been discussed earlier, due to smaller ionic radius, Nb 5+ ions can easily substitute Zn 2+ ions from the lattice sites of ZnO up to a certain concentration, without significant distortion of charge balance and metal ion coordination. These substitutionally incorporated Nb 5+ ions would increase the oxygen vacancy ( Table 2 ) of all the samples revealed a high oxygen content in the nanostructures, much more than their expected stoichiometric values, along with a reduction of Zn % with the increase of Nb content. While the reduction of atom % of Zn in the nanostructures with increasing Nb % is expected due to substitutional replacement of Zn from lattice sites, the increase of oxygen atom % in the Nb-doped nanostructuresis probably due to enhanced adsorption of oxygen at the surface of the nanostructures. The reduction of the size of the nanostructures with increasing Nb 50 through near-edge and extended x-ray absorption fine structure analysis. While the formation of such ion complex will shift the oxygen vacancies towards substituting Nb 5+ ions of the lattice due to strong electrostatic interaction, the availability of free electron from the ionized oxygen vacancy, which is supposed to be the principal reason for DMS behavior of transition metal doped metal oxide 47 would be limited. However, as the fabricated Nb-doped nanostructures do not bear a well-defined shape and dimension, it is difficult to monitor the effects of surface adsorbed oxygen and formed ion complexes, which needs a further extensive study.
Conclusions
In summary, we present a facile sonochemical technique for the fabrication of ZnO nanostructures containing different Nb contents. It has been demonstrated that the incorporation of Nb in ZnO nansotructures not only affects their morphology and dimensions, but also affects their emission and magnetic behavior drastically. While the incorporation of Nb does not affect band gap energy of the nanostructures significantly, it helps to reduce electronic defect levels from their band gap, enhancing the relative intensity of excitonic emissions, i.e. enhances their optoelectronic quality. While the incorporation of Nb in smaller concentration (e.g. 1 mol % nominla) enhances the oxygen vacancy induced ferromagnetic behavior of ZnO nanostructures, incorporation of Nb ions in higher concentration eliminates their ferromagnetic behavior due to the formation of Nb ion -oxygen vacancy complexes.
